Percentages of misshapen hermaphrodite and male gonads in late L4 or young adult animals grown at 20ЊC were examined. Males used were of him-5(e1490) background, except for bz187 males, which were scored in a wild-type background. him-5(e1490) males had a 1% DTC migration defect. n ϭ 160 for k145, k149, k156, and k158 hermaphrodites, and 100 for bz187 and oz167 hermaphrodites and all males. Extra turn: extra-turning on dorsal muscle (see Figures 1E and 1F) ; branching: branching occurred at or after second turn, and resulted in an extra small "appendage" (see Figure 1E) ; other: all other visible defects, e.g. meandering or premature stop on dorsal muscle. All data shown are averages Ϯ SEM. Table  S1 , see Supplemental Data, below). This persistent cell 1999; Klemke et al., 1998) . Thus, Rac1 and its upstream activators likely play a key role in cellular migration durcorpse phenotype was abrogated if cell death was prevented, e.g., through inactivation of the ced-3 caspase ing development.
Worms with mutations in
In this report, we present evidence that ced-12, and homolog (Supplemental Table S1 ). In addition to its role in the engulfment of apoptotic corpses, ced-12 is also its mammalian orthologs elmo1 and elmo2, encode new members of the CrkII/Dock180/Rac pathway. In C. elerequired for the efficient removal of cells that die by necrosis-like processes (Chung et al., 2000), suggesting gans, CED-12 is required for the efficient engulfment of dying cells and is also essential for cell migration. In that its function is not restricted to the apoptotic program. mammalian cells, ELMO1 functionally cooperates with CrkII and Dock180 during phagocytosis and functions upstream of Rac1. These studies place ced-12/elmo as ced-12 Is Required for Many Developmental Processes an important member of the ced-2/ced-5/ced-10 pathway that regulates engulfment and cell migration in Additional phenotypic analysis revealed that ced-12 is required for a large number of developmental pro-C. elegans and mammals.
cesses. Most dramatically, approximately one-fifth of the ced-12(oz167) mutant embryos we analyzed sufResults fered from abnormal development, usually with lethal consequences (Supplemental Table S1 ). The range of All six ced-12 alleles described here share a similar set defects was broad, with some embryos failing to initiate of defects, which include a deficiency in the removal of proper morphogenesis and others aborting at various apoptotic cell corpses, defects in migration and gonadal stages during the elongation process. The wide range of morphology in the hermaphrodite, and a partially peneterminal phenotypes would be consistent with a general, trant embryonic lethality (Tables 1-3; Figure 1 ). These but low, penetrance failure in cell migration. Mutations in ced-12 also cause sublethal developmental defects, defects are described in more detail below. Transgenic and nontransgenic progeny from transgenic parents were given a heat shock pulse as embryos (A, C, and D) or L1 larvae (B), and the number of persistent cell corpses in the head were scored 12 hours later. Data shown are average Ϯ SEM. Two independent transgenic extrachromosomal arrays (opEx434 and opEx435) expressing a full-length ced-12 cDNA under the control of the heat-shock promoters hsp16-41 and hsp-16.2 were tested. As a negative control, a transgenic array (opEx431) expressing GFP under the same promoter combination was used. n, number of animals scored. N/A, not applicable. Note that, in section A, transgenic animals without heat-shock also show a partial rescue, likely due to leakiness of the promoter in the arrays tested. A P eft-3 ::gfp plasmid was used as a coinjection marker for Figures 3A-3C; for Figure 3D , P sur-5 ::gfp was used.
including small embryos, delayed development, and remaphrodites, gonads were overtly normal in ced-12 males (Table 1) . However, despite their normal gonad duced fertility (Supplemental Table S1 ). morphology, ced-12 males have difficulty in siring progeny (data not shown), suggesting that ced-12 is required ced-12 Is Required for DTC Migration for at least one other aspect of male mating. The embryand Gonadal Morphogenesis onic lethality and the diverse cell migration defects were The distal tip cells guide the developing hermaphrodite still present in ced-12(lf); ced-3(lf) double mutants (Supgonad into a bilobed U-shaped form ( Figure 1D ) (Hubplemental Table S1 , see Supplemental Data, below), bard and Greenstein, 2000). In ced-12(lf) hermaphroconfirming that CED-12 acts in these processes indedites, migration of the distal tip cells was frequently pendently of its role in engulfment. misdirected, resulting in gonads with abnormal morphology (Figures 1E and 1F; Tables 1-3 ). In addition, gonad arms often had an uneven diameter, with a very ced-12 Acts in the ced-2/ced-5/ced-10 Pathway Genetic studies suggest that the engulfment ced genes distended proximal end and/or small branches or extrusions at bends ( Figure 1E , Table 3A ). In contrast to heract in two partially redundant, parallel pathways, with (Table 3A) .
To determine whether ced-12 acts in the dying or the sophila contain only one gene representing ced-12, while there are three family members in humans and engulfing cells, we expressed ced-12 in L1 and L2 larvae (12-24 hr after the wave of embryonic cell death). Previ other algorithms. We also tested whether overexpressed CED-12 could A Northern blot of polyA ϩ RNA from various tissues compensate for the loss of any of the other engulfment using an elmo1 probe showed that it is widely expressed genes. This method has previously been used to show in all tissues as a 4.2 kb transcript ( Figure 2B ). elmo2 that ced-6 acts downstream of ced-1 and ced-7, and had a slightly different expression pattern compared to that ced-10 acts downstream of ced-2 and ced-5 (Liu elmo1. The Ͼ100 ESTs that exist in the database for and Hengartner, 1998; Reddien and Horvitz, 2000). We human and murine elmo1 and elmo2 originate from a discovered that overexpression of ced-12(ϩ) did not large variety of tissues, confirming that both genes are significantly rescue of any of the other mutants tested widely expressed. RT-PCR using primers specific for (Table 3C ). In contrast, overexpression of ced-10/rac elmo1 or elmo2 showed expression of both genes in efficiently rescued ced-12 mutants (Table 3D) used in our subsequent experiments described below (data not shown).
Cloning of Mammalian Orthologs of ced-12
Searching the DNA and protein databases identified Mammalian ELMO Can Partially Substitute multiple human and murine expressed sequence tags for CED-12 to Promote DTC Migration (ESTs) with homology to CED-12. We then cloned the To test whether CED-12/ELMO might be functionally full-length human ced-12 homolog from a human macroconserved, we generated transgenic worms expressing phage library using a PCR strategy (see Experimental tagged ELMO1 and ELMO2 under the control of the Procedures). This human ced-12 gene was predicted to ubiquitous promoter eft-3, and examined their ability to encode a 727 amino acid polypeptide with 44% similarrescue the engulfment and DTC migration defects of ity to C. elegans CED-12. Analysis of the human genome ced-12 mutants. While the ELMO constructs did not sequence database revealed that in addition to this cedsignificantly rescue the engulfment defect (data not 12 gene located on chromosome 7, there was a second shown), constitutive expression of ELMO1 or ELMO2 homologous gene located on chromosome 20. A human could almost completely rescue the DTC migration de-EST clone (BEO17955) that corresponded to this second fect (Table 3B) , strongly suggesting that ELMO1 and ced-12 gene provided the sequence of a 722 aa poly-ELMO2 can interact with the appropriate CED-12 partpeptide. Two murine ESTs (AI574349 and AA711524) ners in C. elegans. We do not know why ELMO did not provided the sequence of the corresponding mouse rescue the engulfment defect of ced-12 mutants, but ced-12 genes. We have named the mammalian ced-12
Wu and Horvitz (1998b) have also reported a similar orthologs as elmo (genes involved in engulfment and partial rescue of ced-5 mutants by the CED-5 homolog cell motility), and refer to the products of the two ced-12 Dock180. genes as ELMO1 and ELMO2. The identified sequences appeared to encode the full-length open reading frame for both elmo1 and elmo2 genes of human and mouse ELMO1 Cooperates With CrkII and Dock180 during Engulfment based on several criteria (see Supplemental Experimental Procedures, Supplemental Data, below). More To determine whether ELMO1 or ELMO2 may play a role in phagocytosis in mammalian cells, we generated FLAG recent genome and EST analyses have identified a third elmo gene (located on chromosome 16, EST clones or GFP-tagged constructs of mouse ELMO1 and ELMO2 (see Figure 2C for a schematic). We transiently trans-NM024712; AK023886); however, the complete sequence of the elmo3 gene has not yet been verified. fected the phagocytic fibroblast line LR73 with ELMO1-GFP, ELMO2-GFP, or as a control, GFP alone (in dupliThe mouse and human ELMO1 polypeptides are highly conserved with 98% amino acid identity, as is cate). Using two-color flow cytometry, we determined the fraction of GFP positive cells that could engulf "red" also the case with ELMO2 from the two species. ELMO1 had 75% identity and 88% similarity to ELMO2. In comfluorescent 2 m carboxylate-modified latex beads, which we have previously shown can serve as a simpliparison, both ELMO1 and ELMO2 have about 44% simi-fied target that mimics the negatively charged apoptotic independent experiments). FLAG-tagged ELMO also gave similar results as GFP-tagged ELMO ( Figure 3D  cells (Tosello-Trampont et al., 2001) . Surprisingly, expression of ELMO1 or ELMO2 resulted in a reduced and data not shown). Expression of unrelated proteins, such as the adaptor protein Shc or glutathione S-transuptake compared to GFP alone ( Figure 3A ) (seen in Ͼ20 ferase (GST), did not cause inhibition of phagocytosis take (as determined by MFI) was consistently the highest among all conditions tested, although the percentage (data not shown). The uptake of 0.1 m carboxylatemodified beads (indicative of pinocytosis) was unafof engulfing cells was comparable to ELMO1ϩCrkII coexpression ( Figure 3C ). Simultaneous expression of fected by ELMO1-GFP expression (data not shown), arguing against a general inhibitory effect of ELMO on all three proteins was required to obtain the maximal uptake, since cotransfection of CrkII and Dock180, withplasma membrane events. When we tested a membrane-targeted version of ELMO1 (ELMO1-CAAX), it also out ELMO1, led to a lower uptake than overexpressing CrkII alone ( Figure 3C ). Moreover, mutants of Dock180, showed an inhibition of engulfment similar to that observed with ELMO1-FLAG (Supplemental Figure S2, Figure 3B) ; thus, both regions was specifically coprecipitated with His-Dock180 (Figure 4A) . Similarly, FLAG-tagged ELMO1 specifically coof Dock180 appeared necessary for the enhancement of engulfment. (Figure 3C ). Moreto interact with ELMO1 ( Figure 4B, lane 11) . Since the delPS mutant lacks the proline-rich motifs necessary over, the "efficiency" of uptake after CrkII and ELMO1-GFP cotransfection was consistently greater than transfor CrkII binding to Dock180, it appears that ELMO binding to Dock180 can occur in the absence of the CrkIIfection with CrkII alone. These data were suggestive of a functional cooperation between ELMO1 and CrkII. Dock180 interaction. Crude analysis of the region of ELMO required for When all three plasmids encoding CrkII, Dock180, and ELMO1 were cotransfected, the efficiency of bead upDock180 binding suggested that the C-terminal region 3 g ), or delPSDock180 (1.7 g) (plasmid concentrations were altered to normalize for the differences in plasmid size). Carrier DNA (FLAG-tagged vector alone) was added to keep the same plasmid concentration in the different samples. The phagocytosis assay was performed as described above. The histogram profiles of the "green" cells for their mean fluorescence intensity (MFI), indicative of the "efficiency" of bead uptake, are also shown. We excluded the sharp first peak in the gate setting, as it reflects fluorescence due to bound of ELMO1 (see schematic in Figure 2C ) was necessary ELMO1 could promote actin polymerization. We transfected LR73 cells with the indicated plasmids and anaand sufficient for interaction with Dock180 ( Figure 4B , lyzed the localization of ELMO1 through its GFP fluoreslane 8, and Figure 4C, lane 4) . ELMO2 also coprecipicence and the F-actin through rhodamine-labeled tated Dock180 ( Figure 4C, lane 1) , indicating that both phalloidin ( Figure 5 ). LR73 cells normally have a spindleforms of ELMO can interact with Dock180. We also like shape; this shape was not affected by expression tested whether the C. elegans CED-12 protein can interof GFP or Dock180 alone (Figures 5a and 5c ). In contrast, act with mammalian Dock180; however, these experiexpression of ELMO1-GFP alone, which localized priments were inconclusive, as the worm protein was marily in the cytoplasm (Figure 5b ), caused about twopoorly expressed in COS-7 or 293T cells. When we exthirds of the cells to adopt an extended/polygonal shape amined the interaction of the worm CED-12 and the (based on counting of GFP positive and GFP negative worm CED-5 in a yeast two-hybrid assay, we were able cells in multiple fields-see Supplemental Figure S3 , to detect an interaction between these two proteins, Supplemental Data, below). Cells transfected with indicating that the CED-12/ELMO and CED-5/Dock180 Dock180 and ELMO1-GFP were quite similar in shape to interaction is evolutionarily conserved (Figure 4D ). In the cells expressing ELMO1-GFP alone; however, we could same two-hybrid assay, we did not detect an interaction observe a minor, but detectable, colocalization of between wt or mutant forms of Rac and CED-12 ELMO1-GFP with F-actin in these doubly transfected ( Figure 4D) . cells (revealed as yellow in the overlay; Figure 5f ), and When we tested whether ELMO1 can interact with some localization of ELMO1-GFP to the plasma memCrkII, we failed to detect CrkII in ELMO1 immunoprecipibrane. When CrkII alone was coexpressed with ELMO1, tates ( Figure 4E , lane 5), while Dock180 was readily there was ruffling of the membrane, and some localizacoprecipitated with ELMO1 ( Figure 4E, lane 6) . Crk imtion of ELMO1 to the membrane that was also detectable munoprecipitates also failed to coprecipitate ELMO1 (Figure 5g ). However, a striking change in cell shape, (data not shown). Since Dock180 can interact with both along with relocalization of ELMO1-GFP to abundant ELMO1 and CrkII, we tested whether a trimeric complex membrane ruffles, was observed when CrkII, ELMO1, of ELMO1/Dock180/CrkII could be formed. Indeed, coand Dock180 were cotransfected (Figure 5h ). transfection of all three genes resulted in the coprecipiSince ruffling is a Rac1-dependent event (Ridley et tation of CrkII with ELMO1 ( Figure 4E, lane 7) . The trial., 1992), we tested the effect of coexpressing dominant meric complex was not observed when the delPS or negative Rac1. The ruffling due to expression of ELMO1/ delGS mutants of Dock180 were coexpressed (data not Dock180/CrkII was nearly lost when Rac1N17 was coshown). These data suggested that ELMO1, Dock180, transfected (Figure 5i ). Despite the overall diminished and CrkII could form a trimeric complex, most likely staining for F-actin due to Rac1N17 coexpression, we through Dock180 bridging ELMO1 and CrkII. The biocould still detect the localization of ELMO1-GFP to the chemical complex between ELMO1/Dock180/CrkII apmembranes (seen in multiple cells in the field). This is pears to be functionally relevant, since LR73 cells transconsistent with a model that Rac1 functions downfected with all three plasmids showed the highest stream of ELMO1, in which case Rac1N17 would not be efficiency of uptake, and mutants of Dock180 or CrkII expected to affect the ELMO1 localization per se. In that fail to interact with each other failed to cooperate these experiments, we did not see an effect on actin during engulfment (Figure 3) . bundling or stress fibers due to ELMO1-GFP or CED-12-GFP expression in the LR73 cells ( Figure 5 and data ELMO1, Together with CrkII and Dock180, Induces not shown).
Cytoskeletal Changes and Localizes
Immunostaining for Dock180 revealed that it was preto Membrane Ruffles dominantly in the cytoplasm when expressed alone, Rac is essential for actin polymerization at the leading while some Dock180 became localized to membrane edges of the cell and is thought to facilitate cell migration proximal regions when cotransfected with ELMO1-GFP through the protrusion of lamellipodia (Nobes and Hall, (Supplemental Figure S4B , see Supplemental Data, be-1999). Since CED-12/ELMO functioned upstream of Rac low). Moreover, we could detect a colocalization of ELMO1 and Dock180 (Supplemental Figure S4D) . Immuduring phagocytosis and cell migration, we asked if nostaining for CrkII also revealed colocalization of CrkII reproducible Rac-GEF activity, suggesting that either Dock180 itself or another protein closely associated with and ELMO1-GFP when these two proteins were coexpressed (Supplemental Figure S4E) . When all three proDock180 could be the GEF. A bacterially produced and purified GST-tagged ELMO-1 had no detectable Racteins were coexpressed, Dock180 and CrkII proteins were readily detectable in membrane ruffles together GEF activity in the same assay ( Figure 6A ). We also tested whether ELMO1 overexpression can with ELMO1 (Supplemental Figures S4F and S4G) . These data suggest that ELMO1 can localize to membrane promote Rac-GTP loading within cells (using the Rac-GTP pull-down through the CRIB domain of PAK). Overruffles through a process that is influenced by Dock180 and CrkII proteins. expression of ELMO1 alone in 293T cells did not lead to Rac-GTP loading, while ELMO-1 was able to augment the Dock180 dependent Rac-GTP loading ( Figure 6C ). ELMO1 Associates with a Rac-GEF Activity, Taken together, these data suggested that while ELMO1 but Is Unlikely To Be the GEF Itself itself is most likely not the GEF, it could associate with To test whether ELMO1 could associate with a Rac a GEF activity within cells and regulate Rac-GTP loading. guanine nucleotide exchange factor (GEF) activity, 293T cells were transfected with either tagged ELMO1 alone, Dock180 alone, or cotransfected with both ELMO1 and Discussion Dock180. The cell lysates were immunoprecipitated with antibodies to the tagged ELMO or Dock180, and the Genes that regulate engulfment of apoptotic cells in C. elegans were first identified almost twenty years ago presence of GEF activity toward Rac was assessed. Figure S5 ). Further studies are required to deter-CED-12/ELMO might be the GEF, our sequence analyses failed to detect any Rac GEF domain in CED-12/ mine possible additional contacts between these proteins, the ELMO/Dock180 interaction at endogenous ELMO polypeptides. Moreover, bacterially expressed, purified ELMO proteins failed to show Rac GEF activity levels of expression, and the stoichiometry of these proteins in a complex (Kiyokawa et al., 1998b) . So far, our in vitro. Thus, it appears more likely that an existing or yet to be identified Rac-GEF activity is associated with antibodies generated against ELMO have not been of high enough affinity to address these questions (data the ELMO1/Dock180/CrkII complex and leads to Rac activation. Given the various defects seen in ced-12 not shown). A second isoform of Dock180, Dock-2, with a more restricted expression in hematopoietic cells, as mutant worms, it is likely that CED-12/ELMO itself recruits a Rac-GEF or regulates the nucleotide exchange well as other less well-characterized homologs of Dock180, have been described (Nishihara et al., 1999 
mediated through the endogenous Dock180 or CrkII in-
LG III: ced-6(n1813), ncl-1(e1865), ced-7(n1892).
LG IV: cedteracting with the transfected proteins.
2(e1752), ced-5(n1812), ced-10(n1993), him-8(e1489), ced-3(n717).
LG V: him-5(e1490). The ced-12 allele oz167 was isolated in an EMS screen for mutations that affect gonadal morphology (R.F. and T.S., 
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